Abstract Evasion of carbon dioxide (CO 2 ) from headwater streams is a dominant process controlling the fate of terrestrially derived carbon in inland waters. However, limitations of sampling techniques inhibit efforts to accurately characterize CO 2 evasion from streams, and particularly headwater streams with steep gradients, complex morphologies, and challenging terrain. CO 2 source dynamics coupled with turbulence conditions control gas transfer velocities of CO 2 (k CO2 ) and therefore drive CO 2 evasion. We present estimates of k CO2 and CO 2 evasion from a steep, turbulent headwater stream in southwestern British Columbia, Canada, collected using an automated in situ CO 2 tracer technique. Gas transfer velocities scaled positively with discharge, with a median k CO2 of 36.8 m/day and a range of 13.5 to 169 m/day. Gas transfer velocities were highest during high-flow events, with 84% of all CO 2 emissions occurring when discharge was higher than Q 50 , the median discharge (92.6 L/s). Widely used models overestimated gas transfer velocities with a mean relative error of 24% but underestimated k 600 values above 165 m/day. Our determinations of gas transfer velocities for a range of streamflow suggest that CO 2 evasion may be higher than previously estimated from direct measurements or models, particularly during high-flow events. These findings illustrate the need for direct, frequent, in situ determinations of k CO2 to accurately characterize CO 2 evasion dynamics in steep headwater streams.
Introduction
Characterization of the global carbon (C) cycle relies on accurate quantification of C fluxes into and out of all ecosystems. Among these fluxes, carbon dioxide (CO 2 ) evasion from surface waters has received increasing attention due to the active roles that streams, rivers, lakes, and estuaries play in transforming terrestrially derived C (Aufdenkampe et al., 2011; Battin et al., 2009) . Through processes such as gaseous evasion and storage in sediments, inland waters significantly reduce the amount of terrestrial C that is ultimately delivered to the ocean (Cole et al., 2007) .
Terrestrially derived fluxes of C to a freshwater ecosystem are partitioned into C lost to the atmosphere through evasion, C stored in sediments, and C exported out of the ecosystem through drainage (Cole et al., 2007) . The majority of C inputs to streams and rivers are highly spatiotemporally variable (Wallin et al., 2011) ; they originate in the terrestrial environment and enter surface water systems through a range of hydrological flow paths, including groundwater-derived baseflow, shallow subsurface stormflow, and surficial runoff (Aufdenkampe et al., 2011) . Headwater streams are particularly active sites of C cycling, not only because of their strong interactions with benthic substrates and the atmosphere but also because they receive the majority of landscape drainage and are therefore closely coupled to terrestrial biogeochemical processes (Benstead & Leigh, 2012) .
A recent global estimate of 2.58 Pg C/year (Sawakuchi et al., 2017) suggests that almost half of terrestrially derived C that enters streams and rivers is lost to the atmosphere through gaseous evasion, 36-64% of which evades from the relatively minor aerial exposure of headwater streams (Marx et al., 2017; Raymond et al., 2013; Sawakuchi et al., 2017) . Globally, partial pressures of CO 2 (pCO 2 ) in headwater streams and effluxes of CO 2 from headwater streams are large but poorly constrained, resulting in significant uncertainties when quantifying these fluxes within global C budgets (Butman & Raymond, 2011; Marx et al., 2017; Raymond et al., 2013) .
Due to the considerably higher pCO 2 in headwater streams relative to pCO 2 values typical of rivers (Butman & Raymond, 2011) and the proximity of headwater streams to terrestrially derived C sources (Jones & Mulholland, 1998) , many studies suggest that headwater streams are locations of substantial CO 2 evasion (e.g., Schelker et al., 2016; Wallin et al., 2013) . In contrast, a recent study has shown that alpine headwaters have lower and more variable pCO 2 and evasion rates than higher-order streams and rivers in the catchment, refuting the perception of ubiquitous CO 2 supersaturation in headwater streams (Kuhn et al., 2017) . In light of major data gaps and conflicting assumptions, many researchers cite a need for high-frequency measurements of headwater stream gas exchange dynamics.
However, current methodological limitations compromise our ability to accurately evaluate the significance of CO 2 fluxes between headwater streams and the atmosphere (Marx et al., 2017; Raymond et al., 2013) . In particular, determination of the gas transfer velocity (k), a parameter that describes the rate of gas exchange across an air-water interface, presents a number of challenges in headwater stream settings, as it is spatiotemporally variable in relation to complex hydrogeomorphic streamflow and streambed characteristics and conditions (Raymond et al., 2012; Wallin et al., 2011) . In headwater streams, spatiotemporal variability in k CO2 , driven primarily by surface water turbulence, is the largest determinant of CO 2 effluxes (Hope et al., 2001; Tsivoglou & Neal, 1976; Zappa et al., 2007) . Complex stream morphologies, including variable gradients and widths, streambed roughness, and tortuous flow paths, enhance the generation of surface water turbulence (MacIntyre et al., 1995; Wallin et al., 2011) , with turbulence generally increasing with increasing stream discharge and flow velocities (Billett & Harvey, 2013) . Thus, the development of relationships between k CO2 and hydrogeomorphic and hydraulic parameters in headwater streams under varying conditions will allow for more frequent determinations of k CO2 . This will promote more accurate determinations of F CO2 , as well as its scaling among different catchments and stream orders (Raymond et al., 2012 ).
Tracer gas injections (e.g., SF 6 , C 3 H 8 , and CH 3 Cl) have been preferred for experimentally determining k CO2 in headwater streams, because they do not affect the air-water interface (as is the case for floating chambers), and they provide an integrated measure of the exchangeability of CO 2 in a stream reach at a specific point in time (Marx et al., 2017; Wallin et al., 2011) . However, due to the manual nature of gas injection, stream sampling, and laboratory analysis, most tracer gas experiments do not readily allow for frequent sampling or continuous monitoring (Marx et al., 2017) . Additionally, most tracer gas experiments rely on empirically derived coefficients for conversion calculations between CO 2 and the experimental gas. Further, the high global warming potential of SF 6 , a widely used tracer gas, should encourage researchers to consider alternatives (Hodnebrog et al., 2013) .
In this study, we examined gas transfer and evasion dynamics through repeated determinations of k CO2 for a steep headwater stream in southwestern British Columbia, Canada, using an automated and field-deployable CO 2 tracer technique. Our analysis includes estimates of gas transfer velocities, continuous CO 2 evasion fluxes, and site-specific relationships between evasion parameters and stream discharge. Using CO 2 as a tracer presents advantages of being automatable and field deployable, and it does not require supplemental gas chromatography or conversions via Schmidt dependences, as is the case for most tracer gas experiments. Thus, it can be used to make measurements at different temporal resolutions, including at night, or in response to events of scientific interest, such as storms. The automation and programmability of this method will allow researchers not only to augment current data sets of k CO2 but also to readily scale k CO2 with hydrogeomorphic parameters. It is also well-suited for steep headwater stream environments, where thorough manual sampling campaigns are challenging to undertake. The objectives of this study were to make in situ determinations of k CO2 and evasion fluxes for a steep headwater reach to better characterize the controls on evasion dynamics.
Materials and Methods

Site Description
The study was conducted over November 2016 to June 2017 at the University of British Columbia Malcolm Knapp Research Forest (MKRF), approximately 60 km east of Vancouver. MKRF is located in the Fraser Valley of British Columbia and the Coastal Western Hemlock Biogeoclimatic Zone, equivalent to Köppen climatic classification zone Csb (mild temperate zone with dry, warm summers and mild, wet winters). At upper East Creek in MKRF, mean annual precipitation is 2,353 mm/year, mean annual temperature is 9°C, and mean monthly temperature ranges from 1.4 to 16.8°C (Richardson & Moore, 2010) .
MKRF primarily contains a mixture of Douglas fir, western hemlock, and western red cedar, as well as big leaf maple, black cottonwood, and red alder (Turk et al., 2008) . The understory vegetation primarily consists of vine maple, western sword fern, salal, and trailing blackberry (Turk et al., 2008) . The soil is a Gleyed Brunisol with dominant textures of sandy loam and loamy sand, and parent material consists primarily of colluvium and till (Tashe, 1998) . G-H included, partially or entirely dry up in the summer months. The catchment for G-H is 0.54 km 2 and ranges in elevation from 235 to 330 m.
Experimental Setup
We developed an automated tracer technique to determine gas transfer velocities of CO 2 (k CO2 ) and CO 2 evasion fluxes (F CO2 ) from a 31-m portion of the 64-m reach. In this technique, a 12-V battery supplied power to a Campbell Scientific CR1000 datalogger and AM16/32B multiplexer, two IRGA CO 2 -type gas analyzing sensors, six water-quality sensors, a wireless modem to permit remote data transmission and operation of the system, and a solenoid valve connected to a compressed gas cylinder (see Table S1 in the supporting information for descriptions of sensors). A weir hut located on the stream bank at the outlet of the reach provided protection for a power supply and data acquisition system.
The in situ sensors, located at the midpoint of the reach and 1 m above the outlet of the reach (Figure 1 ), included the following: a Vaisala GMM220 transmitter module with a GMP221 CO 2 probe (Vantaa, Finland); a Campbell Scientific CSIM11-L pH probe (Logan, Utah, USA); a Decagon GS3 ruggedized soil moisture, temperature, and electrical conductivity (EC) probe (Pullman, Washington, USA); and a Decagon CTD-10 electrical conductivity, temperature, and depth probe. The IRGA sensors were each enclosed within waterproof, gaspermeable membranes (Johnson et al., 2010) .
All sensors were connected to a Campbell Scientific CR1000 datalogger, which collected averaged data at a 30-min frequency. During gas injection periods (described in detail below), the datalogger collected data from all sensors at 5-s intervals, storing this higher-frequency data in a separate table. A cellular modem turned on daily to allow remote data transmission from the datalogger to a UBC laboratory computer.
A data gap from 25 December 2016 to 22 January 2017 resulted from a period when access roads to the site were impassable due to deep snow and power to the system was lost due to the resulting interruption in battery exchanges. Other data gaps reflect tracer addition periods (CO 2 injections or salt additions used for discharge determination), as well as periods removed due to sensor issues.
CO 2 Injection and Gas Transfer Velocity Calculation
The flux of CO 2 across an air-water interface (F CO2 , in g C m À2 d
À1
) can be described in terms of the partial pressure gradient of CO 2 between air (pCO 2 air , in μatm atm À1 ) and water (pCO 2 aq , in μatm atm
) and the gas transfer velocity of CO 2 (k CO2 , in m/day), such that
in which k H is the Henry's Law constant for the molar concentration of CO 2 dissolved in water in units of mol
During gas injection periods, a solenoid valve was used to switch the CO 2 injection gas flow on for 1 hr, allowing the compressed gas cylinder to continuously deliver industrial-grade (≥99%) CO 2 at a streamflow-dependent flow rate of 5-10 L/min to a 1-m-long aquatic diffuser situated on the streambed at the inlet of the reach, just below the debris dam. Upstream and downstream IRGAs recorded increasing pCO 2 values as the injected CO 2 dissolved and mixed into the reach, eventually equilibrating at elevated concentrations during the injection (Figure 2 ). In general, the upstream IRGA reached equilibration (i.e., a constant value within sensor error) more rapidly (e.g., after 10 min), and the downstream IRGA reached equilibration more slowly (e.g., after 40 min). While the time for sensor equilibration depended primarily on stream discharge, with IRGAs equilibrating relatively rapidly in highflow conditions, we determined an hour-long injection period sufficient to calculate evasion in low-flow conditions. The relative differences between baseline and elevated values for each sensor were used in the calculation of k CO2 . We calculated means of the ten lowest values and 100 highest values of each sensor for baseline and elevated values, respectively. We calculated k CO2 using the variables listed in Table 1 via the equations given in Table 2 .
We calculated k CO2 and k 600 from 38 CO 2 injections and assessed relationships between gas transfer velocities and other variables. Issues regarding the gas cylinder setup and harsh winter weather presented challenges Henry's Law was used to determine the mass equivalence of dissolved CO 2 (here expressed in C equivalent terms as mg CO 2 -C L À1 ) in relation to stream temperature and pCO 2 in solution. This information, in combination with excess CO 2 in solution, permitted determination of k CO2 (see Table 1 for variables and Table 2 for equations used in the determination of k CO2 ). For the purpose of compatibility with existing literature, we report both k CO2 and k normalized to a Schmidt number of 600 (k 600 ), which corresponds to a temperature of 20°C for CO 2 (Jähne et al., 1987) . k CO2 is converted to k 600 using the following equation:
in which Sc CO2 is the Schmidt number of CO 2 , defined as the ratio of the kinematic viscosity of water and the diffusion coefficient of the gas (Raymond et al., 2012) .
Data Analysis
Data analysis was conducted in R version 3.3.3 (R Core Team, 2017). During injection periods, we determined the evasion flux of CO 2 for the stream reach, F CO2 , using the difference between upstream and downstream mass equivalences of excess dissolved CO 2 during injections (i.e., relative to saturation based on atmospheric pCO 2 and stream temperature), stream discharge (to determine mass from concentration), and the surface area of the reach (to express the evasion flux on a per m 2 of stream surface basis). This allowed us to solve for k CO2 for each injection period by rearranging equation (1).
Based on the series of injections, we then determined logarithmic linear regression relationships between gas transfer velocities (k CO2 and k 600 ) and discharge. We used these relationships to construct continuous time series of gas transfer velocities and the CO 2 evasion flux (described in more detail in section 2.6). We also compared the k 600 values determined experimentally to k 600 values calculated via seven widely used models described in Raymond et al. (2012) . 
10.1029/2018JG004388
Journal of Geophysical Research: Biogeosciences provides the seven models used for determining k 600 based on hydrogeomorphic variables described in Raymond et al. (2012) . Continuous long-term data are presented as 6-hourly averages to reduce overplotting.
Field Measurements, Sensor Calibration, and Sensor Maintenance
Prior to installation, we calibrated the IRGA sensors using the Vaisala CARBOCAP Carbon Dioxide Calibrator (GMK220) according to the twopoint calibration procedure described in the manual. During field visits, we checked the calibration of the IRGA sensors by deploying a third IRGA sensor next to the in situ sensors for a few minutes and verified that the outputs were similar. This check ensured that both deployed sensors continued to perform in a similar manner and without drift throughout the study. Deployment of a third IRGA also allowed us to survey the stream reach for areas of potential groundwater inputs which could locally elevate pCO 2 , as well as to assess changes in pCO 2 along the reach during several gas injections.
The functionality of an IRGA sensor in an aqueous environment requires that the light source, detector, and gas bench are enclosed within a waterproof, gas-permeable membrane (Johnson et al., 2010) . Both IRGA sensors were encased in polytetrafluoroethylene sleeves and sealed with liquid electrical tape according to the method described in Johnson et al. (2010) . Diffusivity measurements of the sleeve indicate that it has a negligible effect on CO 2 diffusion and sensor response time (Johnson et al., 2010) .
We measured stream discharge using salt additions as described in Moore (2005) and Richardson et al. (2017) to develop a rating curve for the stream. We subsequently evaluated relationships between stage, discharge, and velocity using regression models. These relationships were used to calculate continuous discharge and velocity for the entire data set, as well as to determine the CO 2 evasion dynamics and gas travel time between IRGA sensors during CO 2 injections.
Continuous CO 2 Emissions Estimates
We determined continuous k CO2 and k 600 for the entire study period using the linear regression relationships between ln (k CO2 ), ln (k 600 ), and discharge. We determined continuous CO 2 emissions from the stream using equation (1) in the main text, with continuous k CO2 , continuous dissolved pCO 2 , and the average atmospheric pCO 2 in ambient air above the reach (427 μatm atm À1 ), with the latter determined via headspace analysis on a gas chromatograph (Kling et al., 1991) . According to this method, we collected air samples from above the stream reach in duplicate for analysis on an Agilent 7890A GC system. We collected 30 mL of ambient air in a syringe, attached a filter with a needle to the syringe, and injected the air into a sealed vial for analysis. We repeated this on multiple occasions during the study period to determine the average atmospheric CO 2 concentration at the study site. This parameter is used in calculations of k CO2 , k 600 , and CO 2 emissions.
Results
Overview of Study Period
Precipitation at MKRF totaled 1,387 mm over the study period (November 2016 to June 2017). Mean air temperature during the study period was 4°C and ranged from À11 to +21°C. Mean wind velocity measured within the forest and adjacent to the stream was 0.3 m/s and ranged from 0.004-0.94 m/s, with about half of all observations originating from the north and northeast. 
a The constants refer to the molecular weight of C within a mole of CO 2 (12 g), and the conversion from μatm atm À1 to atm (10
À6
). b The constant refers to seconds per day (86,400). Subscripts (1) and (2) 
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Streamwater pCO 2 decreased slightly between November and February, and diurnal variation remained relatively stable and limited between November and April. Both pCO 2 and diurnal variation increased during May and June. See Table S4 for mean and median values of pCO 2 during each month of the study period. Streamwater pH ranged from 6.5 to 7.2, with an average value of 6.9. Electrical conductivity remained relatively low, with mean and median values of 12 and 11 μs/cm and a range of 10-19 μs/cm.
Discharge Determinations From Salt Slug Injections
The hydrograph over the study period (Figure 3 ) indicated rapid responses to frequent storm events, with discharge surpassing 400 L/s during six events throughout the study period. Calculated stream discharge during salt additions ranged from 56.8 to 438 L/s. Overall, discharge was higher during the rainy months of November and December and lower in late January and throughout February, which were uncharacteristically cold and snowy compared to the long-term record. Higher discharge resumed with spring rains in March.
Gas Transfer Velocities
Mean and median k CO2 values determined via CO 2 injections were 43.1 and 23.1 m/day, respectively, and ranged from 13.5 to 169 m/day. Mean and median k 600 values were 58.4 and 30.5 m/day, respectively, ranging from 15.1 to 237 m/day. Values for k CO2 and k 600 corresponding to each CO 2 injection are presented in Table  S5 along with discharge, stream velocity, and stream temperature during each gas transfer velocity determination.
Overall, k CO2 and k 600 were positively associated with stream discharge. Mean values of k CO2 and k 600 at low discharge (Q < 100 L/s) were 19.6 and 24.8 m/day, and mean values of k CO2 and k 600 at high discharge (Q > 100 L/s) were 72.1 and 100 m/day; the distributions of the groups for each variable differed significantly (Mann-Whitney U = 348 and 347, p < 0.05 and 0.05, for k CO2 and k 600 , respectively). Linear regression models that predicted ln (k CO2 ) and ln (k 600 ) from stream discharge as a single regressor term performed well, with predictive powers of 88% (p < 0.001) and 89% (p < 0.001), respectively (Figure 4 ).
Comparison of Empirically Determined and Modeled k 600
Using empirically determined data for discharge, flow velocity, and stage during CO 2 injections as well as stream slope, we calculated k 600 from the seven models described in Raymond et al. (2012) . Calculations of k 600 for each CO 2 injection period estimated by the models yielded mean and median values of 83.8 and 85.0 m/day, respectively, and ranged from 12.3 to 172 m/day. The models overestimated k 600 compared to measured k 600 values by 25.3 m/day on average but underestimated k 600 values above 165 m/day ( Figure S1 ). The coefficient of determination of the model was 0.65 (<0.001), and the root-mean-square error was 29.4 m/day. This is slightly higher than the predictive power of the models in the original metadata analysis (mean r 2 = 0.63). Individually, the seven models performed similarly, with r 2 values ranging from 0.62 (<0.001) to 0.68 (<0.001). Table S6 provides linear regression coefficients and statistics of the mean model fit.
Continuous CO 2 Evasion Estimates
We computed continuous values for k CO2 and k 600 based on the regression relationships with discharge. The time series of k CO2 and k 600 exceeded 500 m/day (k CO2 ) and 900 m/day (k 600 ) on six occasions during high-flow events (Q > 400 L/s, Figure 5 ). Mean and median k CO2 values during the entire study period were 78.7 and 36.8 m/day, respectively, and ranged from 18.3 to 2,640 m/day. Mean and median k 600 values were 124 and 49.5 m/day, respectively, and ranged from 23.0 to 5,350 m/day.
Similarly, the time series of CO 2 evasion, F CO2 , reflected the variability in k CO2 , k 600 , and discharge, with the highest evasion fluxes occurring during the high-flow events (Q > 400 L/s, Figure 5) . Significantly, about 84% of all CO 2 emissions occurred when discharge was higher than Q 50 , the median discharge (92.6 L/s 
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Gas Transfer Velocities
Mean and median k CO2 and k 600 values determined via CO 2 injections for the present study are similar to previously reported values for steep, turbulent headwater streams determined via tracer gas approaches (e.g., Natchimuthu et al., 2017) but are in the high range of many values reported in the literature for small streams, including those with lower slopes and mean flows (e.g., Butman & Raymond, 2011; Hall & Tank, 2003; Wallin et al., 2011) . The mean k 600 value of this study (58.4 m/day) was most similar to the mean k 600 value of 67 m/day reported in Natchimuthu et al. (2017) , a study of CO 2 emissions from the stream network of a forested catchment in Sweden, including reaches with steep slopes and waterfalls.
Billett and Harvey (2013) discussed potential reasons why their k 600 estimates for headwater streams in the United Kingdom, with mean and median values of 41.0 and 16.1 m/day, were higher than those previously published for headwater streams. The authors noted that multiple measurements were conducted during 
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Journal of Geophysical Research: Biogeosciences high discharge events and that the reaches they used were narrower and deeper than those typically used in other studies, with stream width to depth ratios ranging from 2 to 15. The mean stream width to depth ratio observed during CO 2 injections in the present study was 19, which is higher than those observed in Billett and Harvey (2013) , but lower than those observed in other studies (e.g., Hall & Tank, 2003) . 
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In the present study, stream discharge during CO 2 injection periods ranged from 10 to 266 L/s, with mean and median values of 101 and 82 L/s, respectively. Mean and median discharge values observed during the entire study period were 117 and 93 L/s, respectively, and ranged from 9 to 601 L/s. Average measured k 600 values, therefore, represent and likely slightly underestimate k 600 values for the entire study period, as the range of directly measured k 600 values did not include extreme high-flow events.
Further, in the present study, seven widely used models (Raymond et al., 2012) overestimated k 600 compared to measured k 600 values by 25.3 m/day on average (mean relative error of 24%), but underestimated k 600 values above 165 m/day. Raymond et al. (2012) also found that k 600 values were generally highest in headwater streams in the Pacific Northwest region, compared to all other regions of the United States. Considering the total efflux during the study period, the model estimates correspond to 80% of our calculated emissions (i.e., the models on average underestimate our calculated efflux), although the range of model estimates spanned 62% to 113% of our calculated effluxes. In general, all of the modeled estimates overpredicted at low flows and underpredicted at high flows (Figure 6 ). Natchimuthu et al. (2017) found that the models for k 600 performed well for values below 100 m/day but underestimated values above 100 m/day by as much as 80%, likely because the models were not developed in the context of reaches with steep slopes and correspondingly high k 600 values (Natchimuthu et al., 2017; Raymond et al., 2012; Stackpoole et al., 2012) . In the present study, models underestimated k 600 for values above 165 m/day. The slope of this reach (23.6%) was slightly higher than the highest slope category (6-21%) studied in Natchimuthu et al. (2017) , which the authors found to generate the highest k 600 values. A high slope for this reach may, therefore, explain both generally high k 600 values and model performance. Other studies have noted that slope is positively associated with k 600 (Maurice et al., 2017; Moog & Jirka, 1999; Raymond et al., 2012) .
Relationship Between Gas Transfer Velocities and Stream Discharge
In the present study, we found good correspondence between k 600 and stream discharge, with single linear regression models using discharge as an external regressor explaining 89% of the variance in ln (k 600 ). Previous studies have found good correspondence between k 600 and discharge (e.g., Maurice et al., 2017; Natchimuthu et al., 2017 ), but the relationship generally varies spatiotemporally (Billett & Harvey, 2013 ; 
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Journal of Geophysical Research: Biogeosciences Wallin et al., 2011) as a function of the relationship between discharge and turbulence in a given reach (Wallin et al., 2011) . For example, Maurice et al. (2017) found a considerable increase in evasion with high discharge in streams with steep slopes. Gas exchange studies that have determined k 600 for multiple reaches in a catchment under multiple flow conditions have found positive, negative, and zero correspondence between k 600 and discharge in different reaches (Billett & Harvey, 2013; Natchimuthu et al., 2017; Wallin et al., 2011) . Two studies that determined k 600 for different reaches in the same stream found positive (Roberts et al., 2007) and zero (Genereux & Hemond, 1992) correspondence between k 600 and discharge. Natchimuthu et al. (2017) found that the correspondence between k 600 and discharge increased positively with increasing slope, suggesting that steeper reaches generate more turbulence with higher flow than flatter reaches, thereby increasing gas evasion (Wallin et al., 2011) . The reach used in the present study was relatively steep (13.3°, equivalent to 23.6% slope) compared to previously studied reaches, and it generated turbulence under high-flow conditions, which may explain the strong relationships between k CO2 , k 600 , and mean discharge.
Continuous CO 2 Evasion Estimates
CO 2 evasion from headwater streams has been reported as the dominant process governing aqueous C fluxes in a boreal landscape (Wallin et al., 2013) . Studies have reported high spatiotemporal variability in both stream pCO 2 and CO 2 emissions from headwater streams (Kuhn et al., 2017; Sand-Jensen & Staehr, 2012; Wallin et al., 2013) , with variability in gas transfer velocities controlling CO 2 evasion (Wallin et al., 2011) . Wallin et al. (2011) found that stream slope, width, and depth parameters explained 83% of the spatial variability in gas transfer velocities in a boreal stream network. In a hemiboreal headwater catchment, Natchimuthu et al. (2017) determined that the steepest slope category (6-21%) generated CO 2 emissions four times greater than the mean emissions for all studied reaches, despite comprising only 0.9% of the total stream surface area. Natchimuthu et al. (2017) further hypothesized that high-flow events in steep headwater streams might play a dominant role in annual CO 2 emissions from a catchment, even if they occur over short periods of time (Natchimuthu et al., 2017) . Though high compared to many studies, our mean F CO2 value of 55.9 g C m À2 d À1 is lower than 73.0 g CO 2 -C m À2 d À1 found for the steepest slope class investigated by Natchimuthu et al. (2017) , and similar to the 45.9 g CO 2 -C m À2 d À1 reported by Hope et al. (2001) for the upper reach and tributaries to Brocky Burn in Scotland (fluxes expressed on a per square meter of stream surface area basis).
In the present study, CO 2 emissions were indeed highest during high-flow events, suggesting that high-flow events were "hot moments" of CO 2 evasion (McClain et al., 2003) . Additional CO 2 , originating from soil respiration and dissolved during a storm event or stored in soil water, has been shown to enter streams via shallow subsurface stormflow pathways (Johnson et al., 2007) . The steep slope, high gas transfer velocities, and high degree of turbulence in this stream suggest that it may play an important role in regulating CO 2 emissions from the catchment, with future climate-driven hydrological regime changes potentially increasing current emissions estimates (Natchimuthu et al., 2017) .
Additional Considerations
In general, we overestimated the length of time for gas injection needed for sensor equilibration, especially during winter months when stream discharge and flow velocity were high. In response, we manually adjusted gas flow rates as necessary during field visits in response to changing streamflow and stream temperature. Future experimental deployments using this method will benefit from adjusting gas flow and injection time based on the dynamics of specific stream reaches. To further automate this method, researchers may wish to include streamflow and temperature thresholds in their datalogger programs that govern injection times and gas flow rates based on determined stream dynamics.
Another consideration is the potential influence of hyporheic exchange on evasion estimates in headwater stream systems. While hyporheic exchange likely does not significantly affect estimates during high-flow conditions (Leach & Moore, 2014) , it may play a larger role during lower flow conditions by impacting pCO 2 and promoting evasion. CO 2 generation in the hyporheic zone and efflux rates may be significant in streams (Schindler & Krabbenhoft, 1998) ; in the Pacific Northwest, hyporheic zone pCO 2 has been shown to be highest during the summer and lowest during the winter, with winter storms quickly decreasing and subsequently increasing hyporheic zone pCO 2 (Brandes, 2017) .
The presence of hyporheic exchange pathways can be determined by frequently monitoring pCO 2 at many points in the study reach during various flow conditions and particularly in response to high-flow events. Gleeson et al. (2018) outline an approach to determining groundwater discharge to high-gradient mountain streams using tracer gases, which could be beneficial in this context. Nevertheless, the influence of hyporheic exchange on evasion estimates should be mitigated through a long gas injection period during which sufficient time is provided for sensor equilibration.
In our study reach, downstream pCO 2 was generally higher than upstream pCO 2 , with the largest differences observed in the late spring and summer months. In-stream environmental differences can explain some of this change; the upper part of the reach is largely shaded and turbulent, and the lower part of the reach is unshaded and calmer. The increasing role of hyporheic exchange pathways during low-flow conditions likely also contributed to variable pCO 2 in the reach, including short-term changes with variable discharge and longer duration differences in spring and summer.
Additionally, comparison of discharge estimates from upstream and downstream sensor locations during salt slug injections indicated that the study reach was generally a gaining reach. Thus, larger-scale hydraulic forcing conditions may affect evasion estimates, perhaps more than hyporheic exchange, particularly as the losing or gaining flux increases (Fox et al., 2014) . Spatiotemporally variable in-stream metabolism also contributes CO 2 to the reach. However, the time-averaged nature of evasion estimates using this technique should capture effects of CO 2 inputs from groundwater and in-stream metabolism. While concurrent pH readings suggest that CO 2 buffering during injections occurs (ranging from 0.1 to 0.3 pH units), the process would not significantly affect evasion estimates made during steady-state conditions, as bicarbonate and carbonic acid neither evade nor impact IRGA readings.
We used a fixed mean reach width of 4.26 m, determined via manual measurements, to calculate stream surface area and gas transfer velocities. Reach width and gas transfer velocities are linearly related using this method (Table 1) ; for example, doubling the mean reach width would have resulted in doubled mean gas transfer velocities. While scaling laws may aid in determining a width-discharge relationship, complex morphological properties of small streams in general (e.g., gravel bars, large woody debris, and variable bank steepness) and this reach section in particular preclude their relevance. Additionally, the majority of the reach section has incised streambanks, so we expect that the width did not vary by more than ±25% during the study period.
It is also worth noting that significantly elevating pCO 2 in an aqueous environment for long periods of time may have impacts on ecosystems by decreasing pH, resulting in litter and algal quality decreases and food web effects (Ferreira & Chauvet, 2011; Hargrave et al., 2009) . Although studies have focused on simulating potential climate change scenarios in streams by elevating pCO 2 for long periods of time (e.g., 90 days), no study to our knowledge has looked at long-term effects of elevating aqueous pCO 2 for short bursts (e.g., 1 hr twice per day). Additionally, particularly in turbulent headwater streams, all injected CO 2 will likely evade within a confined reach, although there is a possibility that some is taken up by an ecosystem. More research may be needed to ensure that this method does not harm stream ecosystems, and site-specific evasion dynamics should be taken into consideration. One complementary path for this research may be isotopic analysis of CO 2 during baseline conditions and CO 2 injections, which could help discriminate among various CO 2 pathways.
Conclusions
In this study, we present the first estimates of gas transfer velocities and CO 2 evasion from a steep headwater stream using a direct CO 2 tracer technique. Both gas transfer velocities and the CO 2 evasion flux varied by several orders of magnitude during the study period, scaling with stream discharge. Gas transfer velocities were similar to values determined via tracer gas approaches reported previously in the literature for steep, turbulent headwater streams but higher than the majority of measured or modeled values.
The development of a site-specific linear regression model between gas transfer velocities and stream discharge (mean r 2 = 88%) allowed for the interpolation of continuous CO 2 emissions estimates from the reach.
These estimates suggest that high-flow events drove CO 2 evasion from the reach, with emissions during periods when discharge was higher than the observed study period median accounting for~84% of all emissions.
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Journal of Geophysical Research: Biogeosciences Additionally, previously reported models for gas transfer velocities generally overestimated k 600 but underestimated k 600 values above 165 m/day when compared to our experimentally-determined values. This suggests that current models may be poorly suited to high evasion flux events and thus underestimate total CO 2 emissions from headwater streams.
The automated tracer technique deployed in this study will allow researchers to determine CO 2 evasion dynamics frequently, accurately, and in tandem with discharge measurements, ultimately resulting in datadriven quantifications of CO 2 emissions from headwater streams. More frequent measurements of gas transfer velocities from a greater variety of stream environments and the development of site-specific gas evasion models will reduce uncertainties associated with current estimates of CO 2 evasion from headwater streams, thereby improving our understanding of an important flux in the global C cycle. Headwater systems are known to be "hot spots" for CO 2 evasion; the proof of concept presented here suggests a route forward for elucidating the role that CO 2 fluxes from headwater streams play in the global C cycle, and a means for including "hot moments" of CO 2 evasion driven by stormflow into studies on this dynamic C flux (McClain et al., 2003) . As climate-driven hydrological regime changes will likely exacerbate high-flow events in headwater systems, reliable models will greatly enhance our ability to quantify CO 2 emissions from streams.
